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Abstract: The quantum fluctuations of two out-of-phase time-separated temporal 
solitons are calculated. Almost perfect positive correlation between their photon-number 
fluctuations can be achieved after propgating a certain distance and with suitable initial 
separation. 
OCIS codes: (270.5530, 270.6570) Pulse propagation and solitons, Squeezed states. 
 After the first realization of quantum teleportation with coherent states [1], quantum information 
processing with the continuous variable has attracted a lot of research interest due to its potential for 
providing an alternative to the single photon schemes. Nowadays, the continuous variable entangled beams 
have been generated by letting two squeezed fields (squeezed vacuum fields [1] or amplitude squeezed 
fields [2]) interfere through a beam splitter, which mathematically acts as a Hadamard transformation. In 
this way, squeezed states become essential parts for generating entangled continuous variables. In addition 
to the generation of squeezed states by the parametric down-conversion in a sub-threshold optical 
parametric oscillator [1], one can also generate squeezed states by using optical solitons in nonlinear 
optical fibers [3]. By utilizing the continuous EPR-like correlations of optical beams, one can also realize 
quantum key distribution [4] and entanglement swapping [5]. 
 
 In this paper, we propose a simple scheme for generating continuous variable entangled states 
without using beam splitters, but through the nonlinear interaction between two temporal solitons. The 
quantum interaction of the two solitons is described by the quantum Nonlinear Schrödinger Equation 
(NSE) and the corresponding photon-number quantum correlations can be calculated. Besides the transient 
multimode correlations induced by cross-phase modulation [6], we also find nearly maximum 
entanglement between the photon-number fluctuations of the soliton pair. By controlling the initial 
separations of the two solitons, one can produce positive and almost maximum quantum correlation. 
 
 The temporal soliton interaction to be studied can be described by the following normalized 
nonlinear Schrödinger equation: 
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where z  is the propagation distance, t  is the retarded time. The input profile of a soliton pair can be given 
by: 
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where the parametersγ , θ , and ρ2  are the relative amplitude, relative phase and the separation of the 
initial soliton pair. When the initial relative phase of the soliton pair is in-phase ( 0=θ ), the two solitons 
will collide periodically along the propagation. Otherwise they will attract each other within some short 
propagating distance and then move apart eventually due to the repulsive force between them. 
 
 One can evaluate the multimode quantum fluctuation structures of quantum solitons by solving the 
quantum nonlinear Schrödinger equation with the linearization approximation [7]. In the case of two 
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solitons collision [6], König et al. used a 2=N  soliton solution to study the interaction of an in-phase 
soliton pair and found that the colliding solitons contain both intra-pulse and inter-pulse photon-number 
correlation. However, the photon-number correlation between the colliding solitons is transient, i.e. the 
inter-pulse correlation vanishes after the collision. Unlike the case of soliton collision, the photon-number 
correlation caused by soliton interaction sustains along the propagation. In figure 1, we evaluate the 
photon-number correlation in the time-domain for the out-of-phase two-soliton interaction case. Here the 
correlation coefficients are calculated by the back propagation method [8] and they are defined with the 
normally ordered covariance as follows: 
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Here in
)∆  is the photon-number fluctuation of the i -th time component (time-slot) in the time domain. 
Intuitively, one expects that there are only nonzero correlation coefficients in the diagonal of the spectra 
(intra-pulse correlations) when the interaction distance is short, as shown in Fig. 1 (A). As the interaction 
distance becomes longer and longer, the inter-pulse correlation between the soliton pair enhances, as 
shown in figures 1 (B) and (C). In addition to the photon-number correlation between different sub-time 
components, one can also calculate the photon-number correlation between the two whole interacting 
solitons by defining: 
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Here 1n
)∆  ( 2n)∆ ) is the photon-number fluctuations of the first (second) soliton and the definition of the 
first (second) soliton is according to their position in the time domain.   
 
In Fig. 2 we show the defined photon-number correlation coefficient 12C  in Eq. (4) of the 
interacting solitons with an initial relative phase 2/πθ = , equal amplitudes ( 1=γ ), but with different 
separation ( 0.3=ρ , 5.3 , and  0.4 ). In the initial stage of interaction, the photon-number fluctuations 
between the soliton pair are un-correlated, 012 =C . After a certain length of interaction, the photon-number 
correlation between the soliton pair enhances gradually and almost become totally positive correlated. The 
distance for getting the positive maximum photon-number correlated soliton pair will depend on the initial 
separation of the two solitons. This is due to that fact that the nonlinear interaction is stronger when the 
soliton pair is closer in the initial stage.  The soliton pair described by Eq. (2) is not the exact solution of 
the NSE when 0≠θ  and the spacing between the soliton pairs becomes larger and larger after propagation 
a certain distance. When the two solitons are far separated, the nonlinear interaction between them 
weakens and thus the photon-number correlation coefficient may already saturate before it can reach the 
totally positive correlation. This can be clearly seen from Figure 2. 
 
In conclusion, we have studied the quantum photon-number correlation between the temporal 
soliton pair with nonlinear interaction. By using the out-of-phase soliton pair with suitable initial 
separation, one can generate an almost perfect positive photon-number entangled soliton pair. Such new 
photon-number entangled soliton pairs may offer new possibilities for quantum communication and 
quantum computation. We shall continue to study their possible applications and present the results during 
the conference.  
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Fig. 1: Photon-number correlations spectra, ijC  of two out-of-phase 2/πθ =  solitons interaction in time 
domain. The propagation distances are (A) 6.0, (B) 30.0, (C) 50.0 normalized distances with the width 
of the time slot 1.0=∆t , 0.3=ρ , and 1=γ . Please note the contour levels of Fig. (A) are set smaller 
than those of Fig. (B) and (C) to make them clear. 
 
Fig. 2: Photon-number correlations, 12C , of interaction soliton pair with different separations 
( 0.3=ρ , 5.3 , and 0.4 ) with 2/πθ = , 1=γ . 
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